In this paper, we comparatively assess the sustainability of rural electrification efforts based on off-grid solutions in Chile, Ecuador, and Peru. Our assessment considers four dimensions of sustainability (institutional, economic, environmental, and socio-cultural). We found that Ecuador and Chile have consistently failed to ensure mechanisms for the operation and maintenance of the deployed off-grid systems, which has made these solutions in poor Chilean and Ecuadorian communities inevitably unsustainable. Although Peru has adopted a cross-tariff scheme, the Peruvian case shows that ensuring the funding of off-grid PV solutions is not enough. Peruvian officials appear to be unaware of the importance of local participation (local values and lifestyles are constantly disregarded) and most of the projects have been designed without the participation and engagement of the communities, which has often led to project failures and payment defaults. However, although each country has its particular challenges, we found that the three Andean countries have consistently neglected the importance of strong formal institutions with a flexible and decentralized structure, which in turn significantly compromised the rural electrification effort in these countries.
Introduction
Out of the approximately 1.2 billion people who still lack electricity worldwide, the vast majority live in rural areas [1] . In 2015, the United Nations (UN) declared global access to clean and reliable energy one of its 17 Sustainable Development Goals (SDG) [2] . In remote areas of Developing Countries (DCs), where a grid expansion is unviable, off-grid Photovoltaic (PV) systems can be a feasible alternative to reach this goal.
In recent decades, Chile, Ecuador, and Peru have significantly improved their rural electrification rates (reaching 97.8% in Chile, 92 .3% in Ecuador, and 63% in Peru) [3, 4] . Rural electrification efforts included the deployments of off-grid PV solutions in remote areas such as the Ecuadorian and Peruvian Amazon basin [4, 5] , as well as in isolated Chilean peripheral locations [6] . Communities of these areas are characterized by low energy demand, low income, high dispersion, and difficult accessibility (see e.g., [7, 8] ).
Unfortunately, rural electrification projects based on off-grid PV systems have been plagued by technical failures and payment defaults, which has seriously compromised their sustainability [9] [10] [11] [12] .
In this paper, we critically assess the sustainably of rural electrification programs (based on off-grid PV systems) in the Andean countries. We aim to better understand drivers of success as well 
Sustainability
Dimension Indicator Definition
Socio-Cultural Equity
Equity (disparity) is the degree of equal (distinct) treatment for different groups of a population, e.g., rural and urban populations or different ethnic groups on the one hand, and within groups (i.e., similar rural populations from one vs. another community) on the other hand. Equity relies on the underlying concept of justice. Equity (disparity) issues may refer to the point in time when a community is electrified (temporal equity), the provided energy quality and quantity (system size) for/within each group, and the differences between energy tariffs.
Accuracy
Accuracy in sustainable rural electrification is defined as the degree to which the solutions are conforming to the lifestyle and needs of the users. Accuracy often refers to the off-grid system capacity for present and future energy demand, as well as technological specifications that consider socio-cultural factors (such as ease of use, community lifestyle, etc.).
Social Acceptance
Social acceptance in sustainable rural electrification is understood as the degree to which a community agrees with a project and the installed technology, approves it, and ideally identifies with it. Social acceptance is often facilitated by involving and engaging the users in the project and by making them part of the solution, such that they understand its advantages and limitations and agree on the conditions (their rights and obligations).
Cultural Justice
Cultural justice refers to the consideration of/and respect for the culture, motivations and values of the population (e.g., concerning environmental awareness).
Institutional sustainability has been acknowledged as a precondition for the sustainability of rural electrification initiatives (see e.g., [14, 15] ). For institutions to be sustainable, they need to be stable and durable [16] [17] [18] . In that context, Gollwitzer [19] highlights the importance of adopting and enforcing norms and regulations. Authors further agree on the relevance of the openness to people's participation [20] [21] [22] and of decentralization [23, 24] , which favors the adaptability to local needs [14, 17, 21, 25] .
Economic sustainability of electrification solutions requires ensuring the affordability of the systems [25, 26] ), which implies adopting cost-effective solutions and procuring (in the case of poor communities) funding for both the initial investment and the operation and maintenance (O&M) of the systems [17, [27] [28] [29] . Sustainability of energy projects further requires ensuring the reliability of the systems [30] . Dunmade [28] and Chaurey and Kandpal [31] therefore allude that spare parts must be locally available to reduce downtimes, such that productive uses can contribute to an increase in the user income [32, 33] .
Environmental sustainability demands for citizen participation and environmental awareness [34] , which is then again relevant for the prevention of negative environmental impacts [17, 21, 26] ; improper disposal of batteries may make presumably clean technologies such as off-grid PV systems unsustainable [35, 36] .
Socio-cultural sustainability [14, 17, 18, 26] implies favoring equity regarding the amount of energy provided to different groups (e.g., according to gender, ethnical background, etc.) as well as regarding the accessibility to energy [15, 16, 26, 37] . Moreover, socio-cultural sustainability of energy solutions requires gaining the acceptance of society by respecting their culture and traditions [28, 38] , and ensuring the participation of the local community [15, 21, 39] .
The dimensions of the sustainability (institutional, economical, environmental, and socio-cultural) are strongly interwoven and are deeply interdependent. Therefore, ensuring the sustainability requires adopting an integrated and holistic approach. Indeed, as shown below, successful rural electrification projects (based on off-grid PV systems) in the Andean countries are those within which all the dimensions of the sustainability are ensured.
Materials and Methods
We applied a multiple-case study approach (for details on this methodology, see [40, 41] ) for an inter-country comparison between Chile, Ecuador, and Peru. The material used to conduct the case studies was obtained from a variety of data sources that included legal/public statements, energy policies and regulations, statistical databases (on energy uses and technologies), strategic energy documents and roadmaps, ex-post project evaluations from independent parties, and scientific papers. Quantitative data for comparisons were retrieved from the World Bank Indicator Database, from diverse Ministries such as the respective Ministry of Energy of each country, the Ministry of Development and Social Inclusion (Peru)/Ministry of Social Development (Chile); Ministry of Foreign Affairs Coordinating Ministry of Strategic Sectors (MICSE by its Spanish abbreviation) in Ecuador; from several public energy agencies/regulators (e.g., National Energy Commission (CNE by its Spanish abbreviation) in Chile; Agency for Regulation and Electricity Control (CONELEC, by its Spanish abbreviation) in Ecuador; and Organization for Investment in Energy and Mining (OSINERGMIN, by its Spanish abbreviation) in Peru; and from the National Statistical Institutions of the three countries.
We also analyzed 57 semi-structured interviews to key stakeholders that we had previously conducted in Chile, Ecuador, and Peru (see [13, 42, 43] ). Interviews were held between 2014 and 2015, and since our main interest was to unveil the overall institutional and organizational conditions in the Andean countries, the interviewees were of higher hierarchical positions such as directors, project managers, leading researchers, and division leaders in each country. The interview guideline was identical for the three countries, and our interview partners in Chile, Ecuador, and Peru held similar positions. This structured proceeding assured an unbiased comparison of the three countries.
The conjunction of the analyzed data was used to assess the sustainably of rural electrification programs (based on off-grid PV systems) in the Andean countries. Our assessment was based on a set of indicators (see Table 1 ) that were rated relative to an ideal situation.
Country Comparison Brief

Geography and Demography
As shown in Table 2 , Peru's population is almost twice as high as Chile's and Ecuador's. However, given its smaller surface, Ecuador has a much higher population density. In addition, in relative terms, Ecuador's rural population is three times higher than Chile's, and twice as high as Peru's rural population. Whereas the Ecuadorian rural population has been growing during the last five years, it has decreased in Chile and Peru. It is also worth noting that the three countries all have a very diverse geography with different climate zones. These geographical features, including mountain areas above 5000 m, tropical forest in the Amazonian basin (Peru and Ecuador), islands (Chile and Ecuador), and fjords (Chile) with difficult access, contribute to the isolation of some rural communities in these countries. 
Politics and Economy
The administrative organization of the three countries remains highly centralized despite of their efforts for power distribution [44] [45] [46] . While Ecuador has been more reluctant, Chile and Peru have enthusiastically embraced neoliberalism (since the 1990s in the case of Peru and since the 1980s in the case of Chile). As discussed below, this difference had strong implications for the energy sector and its organization. Table 3 shows some key economic data for the Andean countries: According to the World Bank [3] , Chile's economy is by far the wealthiest, followed by Peru and Ecuador; still, the GDP growth-rates during the last five years have been remarkable in all three cases. Chile's economic edge is also reflected in the higher Foreign Direct Investment, which is more than twice as high as in Peru and about eight times higher than in Ecuador [3] . Chile's GINI Index (a measure of inequality within a country; see [47] ) is the highest (i.e., Chile has the greatest income/consumption disparity), albeit inequality seems to be an issue in each of the three nations [3] . The countries share their high dependency on commodities that account for more than 50% of their exports: Chile mainly depends on the mining sector, Ecuador on its petroleum reserves, and Peru on mining and petroleum, respectively [48] [49] [50] . 
Energy
The energy sector differs notably between the three Andean countries, as shown in the overview of Table 4 . Ecuador has a primary energy surplus, with the main destination of its energy exports being United States, followed by Chile, Peru, and Panama [51] . Despite of this surplus, Ecuador's energy sufficiency index is actually negative. This is due to the fact that its exports are crude oil, while it still needs to import diesel, gasoline, and liquefied petroleum gas (LPG) [52] . It should be noted that Ecuador currently subsidizes these imports: for example in 2014, subsidies on energy fuels represented 3.89% of the country's GDP, amounting to US$3.907 million [53] .
In Peru, the energy generation is approximately equal to its consumption, while Chile is highly dependent on energy imports that accounted for about 61% of the total energy consumption in 2013 [3] . At the same time, the per capita electricity consumption is more than three times higher in Chile than in Ecuador and in Peru [3] , which can be partially attributed to its higher GDP per capita (as energy consumption is correlated with income [37, 54] .
For energy consumption, Peru's and Chile's share of RE (including hydro energy) is almost 1/3 of the total energy consumption, whereas in Ecuador it accounted for only about 13.4% in 2012 [3] (World Bank, NA); however, several major hydro-power plants are currently constructed in Ecuador with a total power capacity of about 2.5 gigawatts (GW) [55] . This will increment the power production by 50% and also substantially adjust the RE consumption rate upwards (as the government is also promoting a policy to foster a shift in its energy consumption from gas to electricity to curb the enormous subsidies on fuels).
As far as Non-Conventional Renewable Energies (NCRE) are concerned, their energy generations have a minor share of the total power generation in Ecuador and Peru, but a more important role in Chile [56] [57] [58] . Figure 1 shows the progression of the rural electrification rate of the analyzed Andean countries between 1993 and 2012. In 1990s, their rural electrification rate was quite low (with Peru significantly lacking behind), though the Andean countries were able to make up leeway after tremendous electrification efforts in the 1990s and 2000s. The improvements have mainly been due to grid expansions, although off-grid solutions were adopted when grid expansions were found to be unviable. expansions, although off-grid solutions were adopted when grid expansions were found to be unviable. Rural electrification is usually unprofitable in DCs due to a high dispersion of dwellings, a low energy demand, and a difficult access to these areas. Therefore, in the Andean countries, electrifying rural areas has primarily been responsibility of the public sector (mainly through the respective Ministry of Energy or equivalent [61] [62] [63] .
Rural Electrification
In Ecuador, all Electric Distribution Companies (EDCs) are state-owned; in Peru, they can be public or private (EDCs that operate outside big urban areas are all public except for those under the control of Non-Governmental Organizations (NGOs)); and in Chile they are all private.
In the case of on-grid solutions, the EDCs in the three countries provide the electricity to the endusers, but none of them generates electricity from its own plants (due to policies in the 1990 that fostered the separation of generation, transmission, and distribution in the three countries). In the case of off-grid PV solutions however, the EDCs can also generate the electricity by installing the systems themselves.
In Ecuador, the public EDCs are prompted by law to provide electrification to the whole country, such that they have been deploying off-grid PV solutions in remote rural areas (especially in the Amazon basin) since the early 1990s. In the case of Chile, the national government pays private companies (selected via call for bids) to electrify dwellings in remote areas, although local authorities such as municipalities can also commission the deployment of small-scale PV systems without the supervision of the Chilean Ministry of Energy. In Peru, public EDCs are also leading electrification efforts in rural areas by using off-grid solutions, but their responsibilities are constrained to certain areas of the country. To take electrification beyond these areas, the Peruvian government issued call for bids to install at least 150,000 off-grid PV systems through a public-private partnership [64] ; the private company will be in charge of the installation as well as the O&M across Peru's remote areas Rural electrification is usually unprofitable in DCs due to a high dispersion of dwellings, a low energy demand, and a difficult access to these areas. Therefore, in the Andean countries, electrifying rural areas has primarily been responsibility of the public sector (mainly through the respective Ministry of Energy or equivalent [61] [62] [63] .
In the case of on-grid solutions, the EDCs in the three countries provide the electricity to the end-users, but none of them generates electricity from its own plants (due to policies in the 1990 that fostered the separation of generation, transmission, and distribution in the three countries). In the case of off-grid PV solutions however, the EDCs can also generate the electricity by installing the systems themselves.
In Ecuador, the public EDCs are prompted by law to provide electrification to the whole country, such that they have been deploying off-grid PV solutions in remote rural areas (especially in the Amazon basin) since the early 1990s. In the case of Chile, the national government pays private companies (selected via call for bids) to electrify dwellings in remote areas, although local authorities such as municipalities can also commission the deployment of small-scale PV systems without the supervision of the Chilean Ministry of Energy. In Peru, public EDCs are also leading electrification efforts in rural areas by using off-grid solutions, but their responsibilities are constrained to certain areas of the country. To take electrification beyond these areas, the Peruvian government issued call for bids to install at least 150,000 off-grid PV systems through a public-private partnership [64] ; the private company will be in charge of the installation as well as the O&M across Peru's remote areas for 15 years, whereas public EDCs will cover the administration (e.g., fee collection) [64] . NGOs, NPOs, and universities have also conducted off-grid installations in the Andean countries.
Results
Institutional Sustainability
Stability/Durability
Institutional sustainability requires strengthened and stable formal institutions. However, stability is quite problematic in Ecuador and in Peru [65] . In Ecuador, new Ministries, regulators, and EDCs were created and later disappeared, which ultimately led to the failure of entire off-grid PV programs (when the responsible entity just vanished) [13] . Similar issues were found in Peru, where according to an expert from a NGO (and verified by the regulatory trajectory), permanent staff turnovers in leading positions as well as changes in energy policies inhibited the implementation of a strategic policy line. The lack of institutional stability has moreover seriously affected the creation of know-how and human capital training in these countries.
Moreover, the prevalent neoliberalism in Peru and in Chile has prevented the development of strengthened formal institutions by reducing their role to a minimum [66] . For example, the Chilean Ministry of Energy enthusiastically embraced the concept of "technology neutrality" (since in its view any form of facilitation or promotion of RE may lead to market distortions) [42] ; the Peruvian Ministry of Energy is meanwhile committed to outsourcing: in Peru, the installation of off-grid PV system is outsourced, O&M of off-grid PV system is outsourced; even the supervision of the outsourced activities is outsourced, as confirmed by several government agents.
Regulations and Standards
In Ecuador, there is a lack of coherence between the Constitution and the regulations. Several interviewees (including scholars and NGO experts) stated that this incoherence had direct consequences on rural electrification, as for instance the right for energy declared in the Constitution was not anchored in the law, and consequently it is often not enforced. Moreover, rural electrification lacks any kind of technical and quality standards, such that different EDCs frequently deploy incompatible off-grid systems [13] .
In Chile, technical standards for rural electrification have been defined, but project managers from energy companies admitted that in the projects they are not enforced, especially in the case of off-grid PV systems. The lack of enforcement of technical standards has often compromised the sustainability of small-scale programs conducted by private entities as well as public agencies or municipalities. Indeed, according to the current regulation, when the investment cost of a rural electrification project is lower than approximately US$140,000, it can be carried out without the supervision of the Ministry of Energy [42] .
In Peru, although technical standards were formally adopted from the International Organization for Standardization (ISO), representatives of the agencies in charge of the quality control assured that they have been neglected by the Ministry of Energy and Mining in their rural electrification projects. Consequently, these technical standards were also found to be outdated.
A major issue for rural electrification in these countries is that the regulatory framework does not clearly reveal what actions to take and who to hold responsible if the off-grid PV systems stop operating. This fundamental drawback contributes to the unreliability of off-grid PV system in the Andean countries.
Adaptability
Rural electrification requires that the institutions are able to adapt to the (changing) circumstances in a country, which implies in the context of rural electrification, having a strong formal institution (such as an agency) with a flexible and decentralized structure (see e.g., [67] ).
Chile and Ecuador lack a decentralized public agency focused on rural electrification. Such an agency may support local authorities and users, and it could be in charge of O&M as well as of the quality assurance of the systems. In the case of Chile, several small-scale projects failed because their sponsors (local authorities such as municipalities in remote rural areas) were unable to keep the systems operating in the long-term (e.g., because of the deployment of low quality parts, the lack of technological skills in remote area, missing spare parts, etc.) and they did not receive timely support or training from the Chilean Ministry of Energy [42] .
In the case of Ecuador, a decentralized public agency could help to improve coordination among the Ecuadorian EDCs, and to facilitate the transfer of know-how from EDCs that have successfully deployed off-grid PV systems (for example, the "CentroSur" EDC) to less successful EDCs (for example the "Sucumbíos" EDC) [13] . Therefore, the ongoing reorganization of the Ecuadorian electricity sector, which implies merging the current 11 EDCs into a single company (see [68] ), may help to foster the exchange of valuable know-how.
In Peru, there are two agencies (the Direction of Grant Funds (DFC by its Spanish abbreviation) and the Project Management Direction (DPR by its Spanish abbreviation)) both conducting off-grid PV projects for rural electrification under the Peruvian Ministry of Energy. Competences of both agencies (DFC and DPR) appear to be overlapping, which has caused rivalry between them and contributed to the dispersion of know-how.
The main problem in all three countries that impedes a better adaptability of formal institutions to the needs of the population seems to be the lack of a flexible, decentralized institutional structure with the (technical and socio-cultural) know-how and the (de facto and de jure) power to effectively steer rural electrification. The lack of coordination between the institutions dealing with rural electrification in these countries has often constrained the transfer of know-how (although Ecuador is trying to correct this flaw by merging its EDCs).
Decentralization and Openness to Participation
In Ecuador, the energy sector, in particular the distribution of electricity, is subject to a process of recentralization, which means that the 11 EDCs in the country will be merged to a single company. Recentralization may lead to short-term benefits in the Ecuadorian energy sector (by facilitating the adoption of coherent technical and quality standards of service; see above). However, recentralization may also weaken local institutions (inhibiting in turn local participation; see for example [69] .
In Chile and Peru, decentralization has allowed local or regional governments to implement electrification projects by themselves. However, as mentioned above, these projects have often failed. NGO representatives and social scientists have attributed this issue to the fact that decentralization efforts were merely understood as a redistribution of funds to elected local governments, which did not include any transfer of know-how or training.
In Peru and Ecuador, most of the electrification projects based on off-grid PV systems are still sponsored by the corresponding Ministry of Energy. These projects have primarily been designed and conducted without the participation of the local population (usually indigenous communities). As explained below, this lack of engagement and participation has led to inaccurate solutions (such as insufficient system capacities unable to match the actual needs of the population).
Although in Chile the Ministry of Energy appears to be aware of the importance of openness to participation [42] , a participative approach (involving user training and transfer of technical know-how) is not always applied. For example, harming system interventions from users due of a lack of user training has plagued small-scale PV projects in rural areas of Chile [42, 70, 71] .
The problems detected in the three countries show that ensuring the sustainability of off-grid systems requires, in addition to decentralization and openness to participation that local know-how and capabilities are built.
Economic Sustainability
Cost Effectiveness
Off-grid PV systems are a cost-effective alternative for rural electrification in areas where the grid expansion is too difficult or too expensive. However, in Chile the Ministry of Energy failed to recognize this fact for years. Indeed, diesel generators were often preferred in the past, since only the initial investment costs were considered in the decision-making [72] without taking the significantly higher O&M costs, including fuel costs and its transport to remote areas into account. Fortunately, this flaw has been corrected in recent years, such that a lifecycle cost calculation is now used, and diesel generators are substituted by off-grid solutions [42, 73] . In Ecuador, the potential of off-grid PV systems has also been ignored as a cost-effective alternative for the countries' remote areas, as e.g., the expansion of the national grid has been preferred even if direct and indirect costs (e.g., environmental impacts) were substantial. This could mainly be attributed to political promises to bring the national grid to the specific locations (as the grid was considered a more popular solution) [13] .
On the other hand, the Peruvian Ministry of Energy did recognize the potential of off-grid PV systems for remote areas. This is why it recently approved the installation of at least 150,000 systems across the country. The systems will all be installed by a single private company, which allows for significant economies of scale, and the price per system can be reduced significantly. However, the lack of coordination between DPC and DPR (as well as with municipalities) in previous projects has seriously affected the cost-effectiveness in rural electrification: project managers arrived at remote communities that were already electrified because the DPC, the DPR, and the municipalities had not communicated with each other, which has caused substantial costs due to wasted efforts.
The three countries should update the evaluation of their electrification projects properly by considering the costs over the system's lifetime (including the O&M costs).
Reliability
Economic sustainability requires that the solution remains operational during its lifetime. This is particularly important for off-grid PV systems, as their initial investment is high, while O&M costs are very low compared to other solutions. In Chile, PV systems often became unreliable (particularly in small-scale projects), not only because technical standards are voluntary, but also because of the lack of a decentralized agency (see above) to ensure O&M.
In Ecuador, several EDCs have also deployed off-grid PV systems with mixed results; successful projects (in terms of reliability of the systems) were conducted by Ecuadorian EDCs that formed a well trained team or special units focused on off-grid solutions [13] . However, the lack of local know-how coupled with missing spare parts seriously compromised the reliability of the majority of off-grid PV systems in Ecuador [74] .
In Peru, the reliability of off-grid PV systems is still an issue. For instance, in two inspections conducted by the energy regulator in 2011 and 2013, out of the 1110 systems, 34% were inoperative, with the majority of broken systems stemming from public EDCs [75] . Part of the problem is the widespread outsourcing: all Peruvian EDCs have outsourced both the installations and O&M services to local firms or to users while disregarding the indispensable supervision and training of these firms.
Initial Investment
Sustainability of off-grid PV systems requires ensuring funding for the initial investment and the O&M of the systems over their lifetime. In the Andean countries, government intervention is in many cases inevitable for ensuring funding, because the rural populations in remote areas are usually extremely poor and cannot afford the systems or their O&M on their own (especially when access to the rural households is difficult and the population density is particularly low).
The Andean countries have allocated significant resources to rural electrification in recent decades, which has contributed to the great increase of the rural electrification rate (see Figure 1) . However, these sources of funding are generally not permanent, which makes it dependent on political changes. This is particularly problematic in Chile and in Ecuador where initial investments for off-grid-systems solely rely on the government budget.
In Chile, rural electrification funding can be changed every year by the regional governments (that sponsors most of the off-grid projects in the country) when distributing its annual budget [76] . Although Ecuador used to have a cross-subsidy (the initial investment for rural electrification projects was funded by a 10% tax added to the electricity tariff of urban inhabitants), since 2008 funds for rural electrification depend on the national budget and have missed out for several succeeding years [77] .
By contrast, funds for rural electrification in Peru come from a broader variety of sources (e.g., state budget, utilities of energy companies of the electricity sector, external funds, sanctions, donations, etc.) [4, 78] , which makes them less exposed to political changes.
Operation and Maintenance
According to numerous interviewees, O&M costs of off-grid PV systems significantly exceed the spending capacity of inhabitants in remote areas of the three countries. Although their governments appear to be aware of this fact, Chile and Ecuador have largely failed to ensure O&M funds even in the case of government-sponsored off-grid projects. By contrast, Peru implemented a cross-subsidy aimed at covering O&M costs of off-grid PV users. The system is based on a fee for clients with higher energy consumptions (>100 kwh; usually from urban areas), and it favors poor households with a monthly energy consumption of below 100 kWh [79] .
The Peruvian cross-subsidy allows users of a 70 Wp off-grid PV system to pay a tariff of only about US$2 (US$3 for users from private companies) per month [80] . Indeed, the Peruvian Ministry of Energy has properly regulated the tariffs for both grid-connected and off-grid users. Moreover, when O&M costs exceed the tariffs, the EDCs are compensated according to their real expenditures (including costs of transportation to the communities, personnel costs, costs for spare parts, etc.). The situation is different in Chile and Ecuador where no tariff regulation for off-grid users exists [42] .
In Chile, the sponsor of the project (usually a regional government or municipality) may choose the tariff. Often, the tariff per kWh for off-grid users is the same as that charged to grid-connected neighbors [81] . Since the O&M costs of off-grid-systems in remote areas are relatively high, there is a gap between the user tariff and the actual O&M costs that is not automatically covered in Chile. Regional governments-being the sponsor of the off-grid projects in most cases-need to annually request compensation to the CNE [82] , which makes the programs vulnerable to political priorities.
In Ecuador, the sponsor and operator of off-grid projects is normally the EDC. These companies use to apply the so-called "dignity tariff" for poor on-grid and off-grid users, which means that users with a consumption below 130 kwh/month (110 kWh/month in the Andean highlands), only pay half of the tariff charged to grid-connected users with higher consumptions [83] . However, several EDC representatives in Ecuador complained that the gap between the user tariff and the actual O&M costs is expected to be assumed by the EDC, which strongly disincentives the deployment of off-grid solutions by these companies.
Productive Use
Chile exhibits some successful cases of off-grid PV-powered water pumps that have been adopted by poor farmers in remote areas of the northern territory. Contrary, in Peru and Ecuador, off-grid solutions for productive uses have so far been limited to projects of grid expansions and some isolated pilot projects.
In Chile, a subdivision of the Chilean Ministry of Agriculture, the Agency for Agrarian Development (INDAP by its Spanish abbreviation), promoted the substitution of water pumps powered by diesel generators by PV-powered pumps [84] . Around 1400 systems were installed from 2012 to 2013 (investment: US$7.5 million). The success of the program may be related to the decentralized structure of INDAP, whose personnel is in close and permanent contact with the farmers. This permanent contact facilitated the basic training to the final users, and ultimately ensures the success of the program [42] . Apart from INDAP, the Ministry of Agriculture has implemented a wide variety of pilot projects aiming to repeat the success of the PV-powered pumps program.
In Ecuador, government initiatives of rural electrification aimed at productive uses are limited to one microgrid project (10 mega Watts peak (mWp)) for households, schools, public lightning, and health centers [85] . NPOs have also implemented several pilot projects for productive uses such as corn dryers powered by PV energy, solar boats for transportation, and energy for milk collection centers. However, representatives of the Ministry of Energy acknowledged that the main issue with productive use projects is that the users still lack basic knowledge on energy uses and its potentials on the one hand, and administrative skills to manage them on the other hand. To attain these skills, interdisciplinary projects across different sectors (health, education, housing Ministry, etc.) become essential [86] . Unfortunately, the Ecuadorian Ministry of Energy appears to be unaware of this fact.
In Peru, the Ministry of Development and Social Inclusion (MIDIS by its Spanish abbreviation) was created in 2010 to eradicate extreme poverty by implementing interdisciplinary projects (for water and sanitation, electricity, local roads, and telecommunication) in the poorest and most remote areas of the country [87] . However, according to a MIDIS representative, the Ministry's initiatives have so far focused on the project implementation without accompanying the community after the project finished.
Environmental Sustainability
Environmental Awareness
Most interviewees of Ecuador and Peru agreed that environmental awareness is not widespread in their country, neither on a government level, nor in civil society. In Ecuador, although environmental protection is anchored in its current Constitution, the government recently decided to drill for oil in the Yasuni National Park, one of the most biologically diverse forests located in the Ecuadorian Amazon [88] . Similarly, in Peru, neither the creation of the Ministry of Environment (2008) nor the host of the 20th Conference of the Parties (COP 20) in 2014 could foster major progress in environmental awareness. For example, overfishing, deforestation, degradation of soil and water bodies continue to be substantial issues in the country [89, 90] . Although part of the problem is the lack of experts on environmental issues (e.g., in the Ministry of Environment) [91] , social scientists reported that there is also a lack of environmental awareness in civil society. Despite numerous environmental reforms and educational programs, people's behavior change towards more environmental friendly practices did not occur yet [92] .
In Chile, civil society (mainly the younger population) shows rising environmental awareness, which resulted in several social movements opposing energy generation projects [93, 94] . Nonetheless, their motivation is still commonly limited to reducing local environmental effects (as people are directly affected by some energy projects) [42] . Moreover, resistance is often not against non-RE generation projects, but against any form of generation (RE and non-RE), like e.g., hydro-energy [95] [96] [97] [98] [99] or even PV systems [42] . Like in Peru and Ecuador, Chilean politicians often lack awareness on broader and long-term impacts related to climate change for example, and they are usually driven by ideological and neoliberal ideas [100] .
The lack of environmental awareness is particularly obvious in rural electrification efforts conducted in the past by these three countries. Although the use of off-grid PV systems generate long-term benefits for the environment in terms of pollution abatement, noise reduction, and climate change mitigation (as opposed to contaminating technologies), the representatives in charge of rural electrification acknowledged in all three countries that they do not account for these benefits in the evaluation of rural electrification investments. Indeed, only direct costs determine the decision for a rural electrification technology.
Environmental Impact
The oil drilling in the Peruvian and Ecuadorian Amazon basin has led to devastating impacts on the rich biodiversity of this area, while the mining industry in the Chilean Atacama desert has affected local/indigenous communities by exploiting the scarce water resources in the area [88, [101] [102] [103] . The rural electrification efforts based on off-grid systems may help to reduce the environmental co-impacts in these areas. However, off-grid PV systems can also do harm, especially if waste (particularly the batteries) disposal or treatment is not considered.
The battery disposal of the off-grid PV systems is not even regulated in Ecuador and Peru, while it is voluntary in Chile. As a result, in Peru numerous batteries have been found abandoned in communities of remote areas [75] , and in Ecuador batteries have even been buried by the users [13] . The nonexistence of a recycling infrastructure for the batteries and the low environmental awareness of users seem to be the main reasons for this behavior.
Negative environmental impacts arise not only from batteries. Unreliable systems (see above) have also led to additional problems related to a proper disposal of solar modules. Unfortunately, recycling of the systems is not regulated (neither considered in project designs) in the three countries, leading to additional negative environmental impacts.
Socio-Cultural Sustainability
Equity (Disparity)
Though Peru is still behind, the rural electrification rates of all three countries have registered substantial increases since the 1990s (see Figure 1) . In spite of this positive trend, equity issues have emerged, particularly in Peru: Indeed, despite of notable electrification achievements, awareness regarding equity remains low in Peru, and the (EDCs) rejection of electrifying remote rural areas became obvious during the interviews. Consequently, regions that are most vulnerable and hard to reach have by far the lowest electrification rate [4] .
In Chile, most rural communities have been electrified, but a (minimum) system capacity is not legally fixed. Therefore, representatives of the Ministry of Energy confessed that communities that are better organized and who placed higher requirements to the government usually received solutions with higher capacities than those who did not make specific requests. This trend has led to indigenous communities with a much lower electrification rate than other better organized ethnic groups [104] .
In Ecuador, there is broader consensus on the importance of providing electricity for all. This may explain why, in the early 1990, the rural electrification rate in Ecuador already exceeded Chile's rate despite of a much lower GDP per capita. An equity issue remains, however, as microgrids have been installed to very few communities, while other communities without electricity still have to wait to leave behind matches and candles [13] .
In all three countries, energy tariffs still diverge between different user groups despite of the subsidies for off-grid PV systems from the governments. For example, in Chile, users that were further away from urban centers had to pay higher tariffs (on-grid and off-grid), because tariffs were based on market conditions, and costs are higher in remote areas; this inequality has however been recently corrected by a new law on tariff equity [105] . In Peru, notwithstanding the cross-subsidy tariff, off-grid users with similar incomes but from different geographical areas still have varying electricity prices per kW/h. In Ecuador, inequities persist since user tariffs are not even regulated for off-grid PV systems, such that tariffs are fixed individually by each EDC.
Accuracy
Meeting the specific local needs and considering the socio-cultural reality of each community to assure accurate solutions has been an issue in the three countries for different reasons. In Ecuador, for instance, the government installed microgrids (which are more difficult to maintain) in communities where the necessary management skills to operate them are still lacking, thus making them inappropriate for the local circumstances [106] . In other Ecuadorian projects, Solar Home Systems (SHS) were installed without taking requirements of the community or needs of particular users (e.g., gender specific necessities) into account [74] .
Chile and Peru faced accuracy issues regarding the capacity of the systems, which was usually too low and hence not sufficient for the energy needs of the households. In Chile, this led to situations where the users only had 1.5-2 h of electricity per day and were forced to use their traditional energy sources (candles, matches, or batteries) [71] . Nonetheless, Chile has recently acknowledged this shortcoming, and is shifting from basic electrification to a more holistic "energization" approach. The latter also targets the electrification of schools and health centers, providing systems with greater capacities according to the users' needs [42] . Furthermore, in Peru, the selection of technologies was often random due to the lacking technological know-how of the sponsors.
Social Acceptance
Experiences with social acceptance were mixed in the three countries, depending on the extent to which the local community was involved and participated in the projects.
In Ecuador, one of the few EDCs that successfully deployed off-grid PV systems got the community involved by creating an electrification committee (consisting of the head of each beneficiary household), a steering committee (members of the community to represent the EDC), and an elected local officer in charge of accounting [83] . Although this successful approach was considered an interesting model for the rest of country, it was not vigorously adopted by other EDCs [13] .
In Chile, projects where communities were engaged, got organized, and actively helped to carry out the project were the most successful ones. However, many Chilean communities rejected off-grid PV systems because they previously heard about technical problems or restricted system capacities from neighboring communities. The negative word of mouth and the imposition of solutions they did not agree on made off-grid PV systems unacceptable for them [42] .
In Peru, social scientists and NPOs explained that the difficult relation between the communities and the mining industry had caused reluctance from the rural population towards "strangers", such that social acceptance of energy projects implemented by foreigners (i.e., NPOs or EDCs) is problematic as a result of mistrust. Moreover, many projects conducted by Peruvian public EDCs that did not properly engage the users (e.g., for clearing the users' doubts) have been plagued by social acceptance issues that turned into high default payments. The most successful off-grid projects in Peru have been conducted by NPOs that worked with the communities, and adapted the technology to local needs.
Cultural Justice
The three Andean countries are culturally diverse, with multiple indigenous communities living in remote and rural areas [107, 108] . This diversity has been recognized in Chile, where public officials and NPOs highlighted the need of respecting the local culture when implementing rural electrification projects.
The situation is different in Peru and Ecuador where officials involved in national electrification programs are unfortunately not yet aware of the relevance of culture for rural electrification [13] . In Peru, cultural aspects are hardly mentioned in national rural electrification programs designed by Peruvian officials (see for example [109] ). In Ecuador, although the Constitution recognizes the rights of ethnic groups, their cultural values are in fact not taken into account. For instance, nomad indigenous communities in the Ecuadorian basin have been re-located to community centers built by the government to reduce the dispersion of the inhabitants and to facilitate electrification more easily [13] .
Direct Comparison between the Andean Countries
Ecuador, Peru, and Chile have understood the need of a government intervention for providing electrification by off-grid PV systems to inhabitants of remote areas, but their approaches have been different. We have compared and rated these approaches regarding the indicators of sustainability considered in this paper. A summary of the comparisons of the rural electrification efforts in the three countries is illustrated in the spider graph in Figure 2 , where the wider each point (for each indicator) is to the outside, the better its performance.
For instance, as shown by the indicator "funding" in Figure 2 , we have highly rated the enormous efforts that Peru has made to ensure the affordability of off-grid PV systems for rural electrification. Indeed, the Peruvian administration has adopted a cross-subsidy scheme (which also aims to reduce economic inequities), which makes the tariff affordable to the users by providing funds for both the initial investment and the O&M of the systems. As opposed to Peru, Ecuador has no mechanism at all aimed at subsidizing O&M costs over the lifetime of the off-grid PV systems, while in Chile funds aimed at O&M are not ensured and need to be annually approved. Therefore, we rate the policies of Chile and Ecuador lower than those in Peru regarding the indicator "funding" (see Figure 2) . Failure in ensuring funding for O&M makes off-grid PV systems for rural electrification inevitably unreliable. This is why we have poorly rated the approaches/policies in Chile and Ecuador regarding "Reliability". However, the Peruvian case shows that ensuring the funding is not enough. Indeed, Peru provides financial assistance for O&M, but the off-grid PV systems deployed in Peru have still been unreliable. Causes are manifold, but the widespread outsourcing may have played a role; in Peru, installation, O&M, and even supervision and control have been outsourced to small private firms, which often do not have the required technical know-how. Failure in ensuring funding for O&M makes off-grid PV systems for rural electrification inevitably unreliable. This is why we have poorly rated the approaches/policies in Chile and Ecuador regarding "Reliability". However, the Peruvian case shows that ensuring the funding is not enough. Indeed, Peru provides financial assistance for O&M, but the off-grid PV systems deployed in Peru have still been unreliable. Causes are manifold, but the widespread outsourcing may have played a role; in Peru, installation, O&M, and even supervision and control have been outsourced to small private firms, which often do not have the required technical know-how.
Off-grid PV systems may be a cost-effective alternative for rural electrification in remote areas of the Andean countries. This fact was recognized first by Peruvian authorities. In addition, lifecycle cost calculations recently promoted by Chilean officials are leading to the substitution of diesel generators by off-grid solutions. In Ecuador, authorities have not conducted any cost studies yet, such that we evaluate the indicator "cost effectiveness" as poor.
As shown in Figure 2 , we have rated the rural electrification approaches/policies for "Environmental awareness" and "Environmental impact" as poor in Chile, Ecuador, and Peru. Indeed, environmental awareness is still low in the three cases, though Chile came off better thanks to its younger population. However, due to lacking awareness, potential negative environmental impacts from off-grid PV systems (such as the battery disposal) have not been considered in the three countries.
Successful projects for rural electrification based on off-grid PV systems show the importance of respecting and taking the socio-cultural reality of each community into account. However, this has not yet been acknowledged in Peru and Ecuador. In these countries, the culture of the communities is often not considered in the design and implementation of the projects, which in turn has led to inaccurate solutions (i.e., too small power capacities), mistrust, and ultimately to the rejection of projects in Peru. Although in Ecuador the Constitution proclaimed special rights to indigenous people for cultural justice, these rights are not considered in the projects, such that de facto they do not exist. Indeed, there is a discrepancy between their claims (what is officially stated) and reality (how the policies are implemented). This is why we have poorly rated the approaches/policies in Ecuador and Peru for rural electrification regarding "Cultural Justice", "Social acceptance" and "Accuracy". Chileans on the other hand perform better on these indicators, since they appear to have understood the importance of respecting the cultural values of the communities not only on paper, but also in the implementation of the projects. Moreover, Chile is currently improving the accuracy of its solutions for rural electrification by considering the users' energy needs in the design of the projects.
We evaluate the Chilean and Ecuadorian "Equity" policies positively, given the awareness among all actors of the need to electrify the whole country. However, disparities remain in the power capacity of the deployed systems in Chile, as better-organized communities have greater chances of receiving off-grid solutions with a higher power capacity. Peru on the other hand performs poor on this indicator despite of the cross subsidy tariff, as awareness on equity in rural electrification was found to be low among the actors who implement the projects. Neoliberal policies embraced in Chile and Peru may partially explain the lack of awareness for equity in Peru, and the approach used in Chile to privilege better-organized communities.
Strengthened and stable formal institutions have shown to be a precondition for ensuring the sustainability of projects for rural electrification based on off-grid PV systems. Chile outperforms Peru and Ecuador in the "stability" of its institutions. The instability of institutions in the latter cases became apparent in terms of changing decision makers (Peruvian case) or the substitution of whole organizations (several Ministries in Ecuador). Institutional instability has resulted in inconsistent laws or lacking regulations; furthermore, it has made the enforcement of the few adopted regulations difficult and provided incentives for opportunistic behavior (since people expect rules and regulators to disappear). The causes of institutional instability are often complex and manifold, but, in both countries, it seems that mistrust in institutions may be playing an important role. This is why we poorly rate both Peru and Ecuador on their institutional "stability" and "regulations".
Successful off-grid PV projects for rural electrification have shown the importance of having a strong formal institution (such as an agency) with a flexible and decentralized structure, able to adapt to the (changing) circumstances. A decentralized agency may contribute to the transfer of know-how to rural areas and better engage the communities. The lack of such an agency in Peru explains its poor score on "adaptability". In this regard Ecuador is in better shape, since the ongoing merging of the 11 EDCs may allow them to create a stronger institution, but only if a decentralized structure is maintained and the operation at a local level remains reasonably flexible. Chile also missed to establish a decentralized rural electrification agency for residential systems, but it has some agencies (such as INDAP) that have shown remarkable adaptability and have promoted the successful adoption of off-grid solutions aimed at productive use in rural communities. The program of PV-powered water pumps successfully sponsored by INDAP therefore explains Chile's high rate on "productive use".
Decentralization (understood as the transfer of funds and responsibilities to local officials) may facilitate the engagement of the communities and improve the accuracy. However, projects sponsored by local official (such as municipalities) in the Andean countries show that if decentralization is not accompanied by the transfer of know-how, projects can quickly become unsustainable. All three countries have made attempts of decentralization to different degrees, but all of them have failed to accompany their financial/administrative decentralization with the indispensible transfer of know-how to local players. Moreover, numerous NGO initiatives in the three countries have demonstrated that a participative approach and the engagement of the communities prevent alienation and contribute to the sustainability of the rural electrification projects based on off-grid systems. However, openness to participation of the communities is not widespread in the Andean countries and therefore additional efforts are required regarding "decentralization and participation".
Discussion
Ecuador, Peru and Chile share similar challenges for electrifying remote areas where a grid expansion may be unviable. In these areas, the countries have deployed off-grid solutions for electrification. Inhabitants of these areas are culturally diverse and have dissimilar necessities, but they are predominantly poor and unable to afford neither the initial investment nor the O&M of off-grid PV systems.
In this paper, we critically assess the sustainably of rural electrification programs (based on off-grid PV systems) in these Andean countries. Our assessment was based on a set of indicators corresponding to the four dimensions of sustainability considered in this study: institutional, economical, environmental, and socio-cultural. These dimensions are strongly interwoven and are deeply interdependent.
Therefore, ensuring the sustainability of off-grid PV systems requires a multidimensional and integrated approach. For instance, Peru strongly focused on parts of the economic dimension by allocating funds to the systems' initial investment costs as well as to the O&M costs. However, this one-dimensional approach frequently led to project failures, payment defaults, and inhibited seizing opportunities regarding productive uses of off-grid PV systems. Part of the problem was that Peruvian officials consistently ignored the participation and engagement of the communities such that, despite the allocation of O&M funding, the systems turned to be unreliable. As the short operational period of the systems could not compensate for the investment, the lack of attention to the socio-cultural dimension of sustainability has in turn made the projects in Peru economically unsustainable.
Those cases in which a multidimensional and integrated approach was applied exhibited remarkable success. For example, the PV-powered water pump program conducted by INDAP in Chile boosted the productivity of small farmers in remote areas of the country, thus increasing their income, and allowing them to cover the O&M costs of the systems. The multidimensionality of the program explains its success. It was sponsored and conducted by a decentralized agency whose employees work in close contact with farmers. Its structure, adapted to the farmers' local conditions, allowed the agency to quickly respond to issues, and to provide accurate solutions according to the users' real needs, which in turn led to social acceptance.
The success of the PV-powered water pump program in Chile shows how strong and decentralized formal institutions are fundamental for ensuring the accuracy and reliability of the systems, transferring the required know-how, facilitating the productive use of the energy, and gaining the social acceptance. Indeed, the decentralized structure of INDAP with its employees working in close contact with final users, could serve as a model for other countries. These lessons are particularly important considering the recentralization plans in Ecuador (where the 11 EDCs are merged to one EDC). Although this fusion may facilitate the sharing of know-how and economies of scales, it may be significantly negative for rural electrification efforts in Ecuador if it implies losing adaptability of the resulting single EDC, further restricting the engagement between the ground operatives and final users.
Boosting productive activities explains Ecuador's plans to deploy microgrids for rural electrification (whose capacity may power a community of dozens of inhabitants). Although increasing the income of the community appears to be laudable, it arises an equity dilemma: If project funds for rural electrification are limited, a more expensive solution with a higher capacity could only be provided to a very limited number of communities, while others may have to wait for years to get electrified. This dilemma underlines the interdependency of sustainability dimensions and highlights the need for a balanced multidimensional approach for ensuring the sustainability of off-grid PV systems. However, as shown in Figure 2 , some countries have paid more attention to some dimensions than others, but the three analyzed countries have consistently ignored the importance of the institutional dimension.
Indeed, the absence of strengthened and stable formal institutions appears to be a major drawback in the Andean countries that, by inhibiting law enforcement, also compromises the environmental and socio-cultural sustainability of rural electrification efforts. This problem is particularly apparent in Ecuador where institutional instability has led to changing regulations that are often inconsistent with the Constitution. For instance, although anchored in the Constitution, both environmental protection and indigenous rights are frequently disregarded by Ecuadorian decision makers. Moreover, in Peru, people's distrust in formal institutions has negatively affected the social acceptance of rural electrification projects. Chile, in contrast, has more stable institutions than its peers, but its highly centralized policies as well as a neoliberal vision embraced by the Chilean administrations constrain the operative role of its formal institutions. Some small-scale projects in Chile failed due to the lack of a decentralized public agency focused on ensuring the O&M of the installed systems.
The analyzed cases highlight the fact that the dimensions of the sustainability (institutional, economical, environmental, and socio-cultural) are strongly interwoven and are deeply interdependent. As shown above, successful rural electrification projects (based on off-grid PV systems) in the Andean countries were those within which all the dimensions of the sustainability are ensured. Therefore, ensuring the sustainability of rural electrification projects in Ecuador, Peru and Chile (and likely in any other country) requires an integrated and holistic approach.
